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Abstract
In this paper we have investigated via experimental and simulations techniques the transport
properties, in terms of total ionic conductivity and ion diffusion coefficients, of ionic liquids and
lithium  salt  mixtures  composed  of  two  anions,  bis(fluorosulfonyl)imide  (FSI)  and
bis(trifluoromethanesulfonyl)imide  (TFSI),  and  two  cations,  N-ethyl-N-methylimidazolium
(emim) and lithium. The comparison of the experimental results with the simulations shows an
exceptional  agreement  over  a  wide  temperature  range.  Of  particular  interest  is  the  high
agreement achieved at lower temperature, which is a result of the extended simulation length of,
at least, a factor of 5 compared with previous work. The results show as the addition of TFSI
favor the formation of lithium dimers (Li+ – TFSI- – Li+). A closer analysis of such dimers shows
that  involved lithium ions  move  nearly as  fast  as  single  lithium ions  although  they have  a
different coordination and much slower TFSI exchange rates.
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1  Introduction
Within the last decades the use of ionic liquids (ILs) in different fields has been established.
Because of their unique properties ionic liquids are promising materials for different applications,
e.g., as solvent in synthesis, as catalyst and in electrochemical applications [1 - 3]. The bulky,
organic cation can be easily tailored by selecting different side chains to specific demands [2, 3].
Especially  for  their  application  in  electrochemical  devices,  ILs  offer  promising  physical
properties  like  high  thermal  stability,  low vapor  pressure  and wide  electrochemical  stability
window [3, 4, 5 ].
However,  due  to  the  low  ambient  conductivity  of  IL/Li-salt  mixtures  compared  to
conventional electrolytes, improvements related to this property are of main interest [5]. Several
attempts have already been made with respect to this issue. For example, Kühnel et al. added
organic  electrolytes  to  IL/LiTFSI  mixtures  enhancing  conductivity,  thermal  stability  and
suppressing  aluminum  corrosion  [6].  Furthermore,  mixtures  of  pyr13FSI  (N-methyl-N-
propylpyrrolidinium  bis(fluorosulfonyl)imide)  and  pyr14TFSI  (N-butyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide) show higher conductivities and lower melting points due to
ion  mismatch  [7,8].  However,  only  a  microscopic  understanding  of  fundamental  transport
processes would make it possible developing strategies to increase the ionic conductivity. The
big challenge is to successfully correlate experimental and theoretical results.
Molecular  dynamics  (MD)-simulations  is  a  powerful  tool  to  elucidate  microscopic
mechanisms  of  complex  molecular  systems.  Accurate  representation  of  intermolecular
interactions  is  important  for  predicting  structural  and,  especially,  dynamic  properties  of  ILs
doped  with  lithium salts.  Due  to  strong  polarization  of  anions  by  a  small  Li+ cation,  it  is
important to include many-body polarizable terms in the intermolecular potential (force field)
used in MD simulations. Previous simulations using atomic polarizable force field for liquids,
electrolytes and polymer  (APPLE&P) have accurately predicted both structural  and transport
properties of pure ILs and IL doped with Li+ salts [9-13].
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 Previous MD simulations with APPLE&P focused on the pyr-based ILs doped with lithium
salts. [9,10,11].  It has been shown that the coordination does not vary when changing the cation
from pyr13 to pyr14. Lithium aggregation sharing TFSI anions as bridges were also observed but
the  simulations  at  lower  temperatures  are  too  short  to  break  up  this  aggregation[13].  Two
mechanisms for lithium diffusion was observed. One way is the structure diffusion, which means
that lithium ions move by exchanging its first coordination shell. The other way is the vehicular
mechanism,  which  means  lithium  ions  move  with  their  first  coordination  shell.  This  was
investigated  in  more  detail  by  adding  an  additional  potential  function,  which  stabilize  the
coordination of TFSI on lithium ions, resulting to slowing down the TFSI exchange out of the
first coordination shell and thus, slowing lithium ion diffusion. Thus, the authors suggested that
the  Li-TSFI  aggregate  move  much  slower,  giving  rise  to  a  slower  vehicular  mechanism as
compared to the structure diffusion mechanism. Both transport possibilities were investigated by
Li et al. as a function of lithium ion concentration [10,13]. They found an increasing importance
of  the  vehicular  mechanism  by  decreasing  the  amount  of  lithium  ions  and  decreasing  the
temperature since the mean square displacement of the lithium ions on the time scale of the
coordination shell lifetime somewhat increases.
 Solano  et  al.  used  the  correlation  between  experimental  and  numerical  information  to
characterize the systems pyr14TFSI and pyr14FSI[11]. Due to the relatively short trajectories of 3
ns used in that work, simulations were restricted to high temperatures and no direct overlap with
the experimentally accessible regime was possible. 
In this work we investigate systems with different ratios of FSI and TFSI anions, which are
promising  candidates  for  electrochemical  applications.  As  cation  we  use  N-ethyl-N-
methylimidazolium (emim) This work is motivated by the experience from organic electrolytes
in lithium-ion batteries. In fact, mixtures of different carbonates display improved properties like
SEI formation and lowering of the melting point and viscosity [14]. It is known that FSI has a
film forming ability on the anode while TFSI has a higher thermal stability. Thus, also for ILs the
use of anion mixtures may be useful. Although FSI and TFSI are structurally quite similar their
properties are surprisingly different, so, their effects on each other are very interesting. Among
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other things we explicitly study whether the presence of Li-anion clusters indeed is a viable
mechanism to slow down the lithium diffusivity as suggested in previous work [13]. 
2  Experimental setup
The ionic liquids and LiFSI were purchased from Solvionic while LiTFSI was purchased from
3M. All compounds were individually dried under vacuum at room temperature for 24 hours with
a turbomolecular pump (10-7 bar). The four compounds were mixed to make several mixtures,
which compositions are reported in Table 1. Each mixture was further dried at room temperature
for  24  hours  with  a  vacuum  oil  pump  (10-3 bar)  and  for  additionally  24  hours  with  a
turbomolecular pump. Unless otherwise stated, all sample preparation was carried out in a dry
room (dew point < -50°C).
Pulsed field gradient-NMR (PFG-NMR)
The investigated mixtures were flame sealed in NMR tubes inside the dry room to prevent any
contamination.  To  determine  diffusion  coefficients  of  different  ion  species  we  have  used  a
Bruker-NMR-spectrometer (Germany)  with permanent  field strength of 4.7 T.   The diffusion
probe head was a “Diff30” (Bruker, Germany) with selective rf. inserts for 1H, 19F and 7Li. The
maximum gradient strength was technically limited to 1.8 T/m. We changed temperature with the
water-cooling unit stepwise from 10 °C up to 49 °C. Higher temperatures (60 °C and 70 °C) were
reached by additional heated air flow (500 L/h). For the PFG-NMR experiments we have used
the  STE-  and  the  dstegp3s sequences  according  to  the  Bruker  library  (Top  Spin  3.0).  The
dstegp3s sequence is necessary in case of air flow heating to suppress convection artifacts. The
echo attenuation was evaluated by a monoexponential fitting.
Ionic conductivity measurements
The  temperature  dependence  of  the  mixtures  conductivity  was  measured  by  mean  of  an
automated conductivitymeter (“MaterialMates Italia”) equipped with a frequency analyzer and a
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thermostatic bath. The mixturess were loaded in sealed conductivity cells (inside the dry room)
containing two platinum electrodes previously calibrated using a 0.01M KCl aqueous solution.
The cells were cooled down to -40°C for 18 hours before starting to increase the temperature in 2
°C steps. At each temperature, the samples were left to equilibrate for 1hour. 
3  Simulation methodology
 
Figure 1: Structure of
FSI.
 
Figure 2: Structure
of TFSI.
 
(blue: N; yellow: S; red:O;cyan:C; pink:F)
All  simulations  were  performed with the  MD-simulation package AMBER 10 [15].  This
software  was  extended  by  a  Buckingham  Potential  and  a  Thole  screening.  These  two
modifications make it possible to use the many body polarizable force field APPLE&P [9,16].  
The starting structure was produced randomly in the gas phase. First, the simulation cell was
shrunk. After this an equilibration run of 10 ns in the NpT ensemble at 1 bar was performed to
obtain a  homogeneous system.  The averaged density of this  step was used for  the followed
production run in the NVT ensemble. The comparison of experimental and estimated densities is
shown in Tab. 2. The Berendsen thermostat was used to control the temperature, the SHAKE
algorithm to constraint the bonds containing hydrogen. The elementary integration step was 1 fs.
The electrostatic interactions were calculated via the particle-mesh Ewald summation (Size of
grid:48x45x45,  interpolation order:  4,  Ewald coefficient:  0.27511,  Switch function for  direct
Coulomb: cubic). The simulation box contained 180 emim ions and 17 lithium ions as cations
and (0|197; 17|180) FSI/ TFSI anions. Only for the system with a ratio of 1:1 FSI:TFSI we used
208 emim ,20 lithium ions and (114|114) FSI/ TFSI anions.
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Table 1: Composition (in molecules) of the five investigated mixtures. The same number of ions
was considered in the simulation boxes.
TFSI [%] 100 91 50 9 0
emim 180 180 208 180 180
TFSI 197 180 114 17 0
FSI 0 17 114 180 197
Li 17 17 20 17 17
  The  simulation  temperature  was  varied  between 298 K and 403 K.  Our  trajectories  were
sufficiently long to determine the diffusivities in a reliable manner (e. g. 150 ns for T = 333 K).
Compared to previous works we extend the trajectories of more than a factor of 5 [11, 10]. The
detailed microscopic analysis was performed at 333 K where we can directly compare with the
experimental data. In the following the systems are characterized by the anion fraction of TFSI,
i.e. TFSI0, TFSI9, TFSI50, TFSI91 and TFSI100 (see Table 1).  
Table 2: Comparison of experimental and simulation densities. The experimentally determined
viscosity is also reported. All values refer to 333 K.
TFSI [%] 100 91 50 9 0
  [ g/cm³ ]ϱ Exp. 1.5072 1.5021 1.4813 1.4422 1.435
Sim. 1.50 1.50 1.47 1.43 1.42
 η [ mPas ] Exp. 16.188 14.159
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10.482 8.781 9.5805
4  Diffusion coefficients
The self-diffusion coefficient of each ionic species was determined via PFG-NMR experiments
and simulations, using the Einstein-Smuchlowski equation [17].
D=lim
t→∞
MSDion
    6t
(1)
In eq. 1  MSDion is the mean-square displacement of the specific ion, <> denotes the ensemble
average and t is the time. For the comparison of experiment and simulation the data from the
simulations were corrected for hydrodynamic effects,  which show up finite size effects.  It  is
given by
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(2)
where  kB is the Boltzmann constant,  T is the temperature,  η is the viscosity and  L is the box
length [18]. The viscosity values were experimentally determined (see Table 2). The temperature
ranges of simulation and experiment do overlap between 298 K and 333 K. For low temperatures
sufficient equilibration of the simulated configuration is necessary. PFG-experiments are limited
to a maximum temperature of 343 K due to technical reasons. In practice, we have fitted the
experimental data by the VTF relation in order to have a complete overlap with the experimental
data. The VTF fit function is given by
(3)
Here  D0 and B are material dependent constants, which can be freely adjusted. T0  is hold
constant for all  fits to make the results comparable to each other.  The fit  parameters can be
compared  to  experimental  data  from Tokuda  et  al.  [19].  They investigated  the  ionic  liquid
without lithium salt and found nearly the same values for B and T0.  The fitting parameters for
our results, displayed in Fig. 3, are shown in tab. 3. For further information see supplementary
information.
Table 3: Fit parameter for the VTF fit of diffusion and conductivity data.
D0 [10-10 m²/s] B [K] T0 [K]
Demim 157
DTFSI 157
DLi 157
σ0 [mS/cm] B [K] T0 [K]
σ 157
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Figure 3: Diffusion coefficients for the system TFSI100;  lines represent the VTF fit to the experimental
data (solid lines: direct overlap; dashed lines: extrapolation of exp. data), the data points the simulation
results and the diffusion coefficients determined by Hayamizu et al.[20].
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Figure 4: The diffusion coefficients in dependence on the TFSI fraction for T = 333 K;  the dashed lines
connect the experimental data, the solid lines represent the simulated data.
Fig. 3 and 4 compare the experimental and simulation data. For the complete temperature
range  a  good  agreement  between  experiment  and  simulation  can  be  observed  (see  Fig.  3).
Furthermore,  we  compared our  data  with PFG-NMR experiments  from Hayamizu et  al.  and
found also a very good agreement [20]. We checked that the small deviations are not due to
insufficient sampling. In Fig. 4 the dependence of each ionic species on the anion composition is
shown. The agreement between experiment and simulation is again very promising. Significant
deviations (approx.  20%) are only visible for the lithium ion diffusivity,  which experimental
values displays a stronger dependence on TFSI concentration than the simulation results. This
significant deviation for lithium ion diffusivity can be observed over the complete temperature
range(see supplementary material). The difference between TFSI0 and TFSI100 for the anion and
lithium ion diffusion shows the same order as reported by Solano et al. for systems with the
cation pyr14  [11]. They also found that the anion has only a small influence on the diffusion of
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pyr14. This result is in accordance with our data because the emim diffusion constant is nearly
constant as shown in Fig. 4.
5  Conductivity
The Einstein relation
σ=lim
t→∞
e2
6 tVkB T
∑
i,j
zi z j 〈Ri (t )−Ri (0 )〉 〈R j (t )−R j (0 )〉 (4)
can be used to calculate the ionic conductivity from MD trajectories. In eq. 4 e is the elementary
charge, t is the time, V is the simulation box volume, T is the temperature and zi,j are the charges
of the ions i, j. Due to the cross terms in the sum this value can only be determined with poor
statistics compared to ion self-diffusion coefficients. The conductivity can be split into a part
without cross terms, reflecting the uncorrelated part. It reads 
σuncorr=lim
t→∞
e2
6 tVk BT
∑
i,j
zi
2 〈R i (t )−Ri (0 )〉
2= e
2
VkBT
∑
i
n i Di (5)
where ni is number of the ionic specie and Di is the connected diffusion coefficient. The degree of
uncorrelated motion α can be defined as the ratio between eq. 4 and eq. 5, i.e.
α= σ
σuncorr (6)
α = 1 means complete uncorrelated motion, while α=0 stands for a complete correlated motion so
all cations move together with anions. Due to the poor statistic for the long time limit of the cross
terms α is determined in the sub-diffusive regime by utilizing the first 2-5% of the trajectory
[21].   Therefore,  we  split  our  trajectory  and  investigate  in  which  time  interval  α  can  be
determined with good statistics. We calculated α in the regime from 0.4 ns to 1 ns (corresponding
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to less than 2% of the total simulation) because, above an interval of 2 ns, α starts to show
statistical errors (see supplementary material). 
Table 4: Averaged α values from experiment and simulation.
T [K] Sim. Exp.
298 0.66 0.63
333 0.73 0.64
In tab. 4 the averaged values of α are shown. The value of α was independent from the anion
composition for the simulations as well as for the experiment.  Due to the uncertainty for α of 0.1
[10,19], the agreement between experiment and simulation is very good.
The "ideal" conductivity (see eq. 5) can be calculated from the diffusion coefficients. These were
determined in the long time limit like described in the previous paragraph. Under the assumption
that α(t) is time-independent for even longer times we can invert eq.6 in order to obtain the
conductivity from σuncorr.
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Figure 5: The conductivity for the experimental data (solid lines) and simulation results
(data points).
 
In Fig. 5 a comparison of the conductivities is shown. The determined conductivities from
simulations differ at most 30% from the experimental ones and show the same dependence on
TFSI concentration. Part of the residual deviations result from the differences in the α-value at
the higher temperature. Importantly, the two systems with the lowest content of TFSI show a
significantly  higher  conductivity  than  the  other  three  systems  in  experiment  as  well  as  in
simulation. 
6 Lithium dimers
In order to establish the relationship between transport and structural properties, the structure of
the lithium coordination shell and ionic aggregated has been examined. 
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We start with the analysis of the radial distribution function (RDF) of the lithium ions, shown in
Fig. 6. For all systems the first coordination sphere is well defined but the systems strongly differ
in the amount of lithium ions in the first coordination shell. From 0% to 91% TFSI the relative
intensity of the first coordination sphere increases. The TFSI100-system behaves similar as the
TFSI91-system. The strongest effect is present for TFSI9  and TFSI0 where a strong reduction of
direct lithium ion neighbors is observed. Compared with the TFSI100-system a factor of nearly 3
is observable. The first peak and the second peak are shifted compared to the simulations of
Borodin  et  al.[13].  Thus  maybe  results  out  of  the  different  cation  or  higher  lithium  ion
concentration. The ratio between both coordination shells is in the same order of magnitude.
Figure 6: RDF of lithium ions with themselves.
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As  a  compensation,  for  the  system  TFSI0 the  second  coordination  shell  is  much  more
pronounced. Fig. 7 shows a possible lithium ion dimer. Here, TFSI acts as a bridge because the
peak position of  the  first  coordination shell  is  in  accordance with the  distance between two
oxygen atoms of TFSI. FSI can also act as a bridge but the probability is much lower because
TFSI is sterically much more demanding and coordinates stronger. 
 
Figure 7: Lithium dimer and
TFSI as bridge.
 
To  analyze  such  dimers  we  first  determine  their  lifetimes.  Moreover,  we  calculate  the
exchange rate of anions out of the first coordination shell. For both values an Auto-correlation
function (ACF) was used
(7)
where Bij=1 if the ions i and j are inside the first coordination shell of each other, corresponding
to 5.7  Å (Li-Li) and 2.75  Å (Li-O). Otherwise one gets  Bij=0. The < > denotes the ensemble
average. This ACF functions for Li-Li and Li-O are shown in Fig. 8. The decay of the ACF can
be fitted via a Kohlrausch-Williams-Watts (KWW) function.
(8)
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Figure 8: ACF of Li-Li and Li-Oanion; System: TFSI100; T= 333 K.
 
Based on this fit the lifetimes can be calculated via
(9)
In Tab. 5 the resulting lifetimes of such dimers are presented. Additionally, the exchange rates
of FSI and TFSI inside a lithium ion dimer, on a single lithium ion and percentage of lithium
ions, which are involved in such dimers, are shown. The comparison of low and high contents
shows an interesting behavior. The addition of FSI to TFSI100 does not influence the lifetime of
the dimers. However, an increase of the lifetime by a factor of two is observed if TFSI0 and TFSI9
are compared, i.e., upon addition of TFSI. The exchange rates of the anions are comparable to
those determined by Li et al. [10]. These authors sum over all lithium ions without a distinction
between  dimers  and  single  lithium  ions,  obtaining  exchange  rates  of  the  same  order  of
magnitude. Borodin et al.[13] determine a life time of 7.1 ns for such dimers at T=393 K using a
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slightly different force field.  Compared to the life times at T=373 K (roughly 11 ns) and T=403
K (5 ns) of our simulations both are in good agreement considering a difference in the force field.
Table 5: Lifetimes and percentage of lithium ions inside a dimer and lifetime of FSI/TFSI in the
first coordination shell of a single lithium ion (all times are in ns)
System 
[% TFSI]
Li-Li Lidimer -
FSI
Lidimer -
TFSI
Lisingle -
FSI
Lisingle - TFSI (# Lidimer)/(# Litot)
  100 32.6 - 9.7 - 2.0 36.3
91 32.9 8.8 13.1 0.75 1.6 35.3
50 29.5 5.4 11.8 0.57 1.5 40.1
9 7.9 1.7 6.7 0.49 1.1 31.0
0 4.3 0.9 - 0.48 - 18.8
The system without TFSI is noticeable because less than 20% of all lithium ions are involved
in dimers. A small amount of TFSI increases this fraction to over 30%, indicating that TFSI
strongly stabilizes lithium dimers. Due to the long life times of the dimers and the involved
amount of lithium ions one may wonder about  the lithium ion transport  in presence of  the
dimers. We explicitly determined the MSD for different subensembles of particles. In this way
we can proceed without the addition of an external perturbation done in ref.[13]. The MSD of the
single lithium ions with TFSI exchange were compared with those lithium ions for which no
TFSI exchange was observed in a given time window. Furthermore, the MSD for lithium ions
inside a dimer were determined in the time interval in which the dimer is stable. The lifetimes at
single lithium ions show a longer lifetime for TFSI inside the first coordination shell which is in
accordance  with  the  radial  distribution  of  Li-Oanion because  TFSI  is  much  more  favored  as
coordination partner (see supplementary material).
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Figure 9: Comparison of MSD of lithium ions in dimers and single ions at T = 333K
 
Fig.  9  compares  the  MSD of  dimerized  and  single  lithium ions  for  the  system TFSI 100.
Moreover, Fig. 9 reports the MSD of single lithium ions not exchanging their first coordination
shell for 7 ns. It is clearly shown, that the TFSI exchange does not influence the lithium ion
diffusion. More specifically, the diffusivity of both lithium ion species just differs by 10% at the
most. Of course, for t>τLi-Li both MSD curves have to merge because the local coordination of a
lithium becomes uncorrelated to its initial configuration.
These results suggests that the previous observation [13] concerning the slowing down of the
lithium ions may be related to the addition of the binding potential, giving rise to a significantly
modified local structure, rather than to the corresponding increase of the life time of the first
neighbor shell. Interestingly, as reported in Ref. [13] this addition hardly modified the diffusivity
of the large cation. This is consistent with our results, reported in Fig. 4, showing that the emim
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diffusivity is independent from the anion composition and in this sense somewhat insensitive to
the local structure around the anion.
7 Conclusions
In  this  paper  we  have  investigated  the  transport  properties,  total  ionic  conductivity and ion
diffusion  coefficients  of  ionic  liquids  and  lithium  salt  mixtures  composed  of  two  anions,
bis(fluorosulfonyl)imide (FSI) and bis(trifluoromethanesulfonyl)imide (TFSI), and two cations,
N-ethyl-N-methylimidazolium (emim) and lithium, via experimental and simulation techniques.
The comparison of the results displays a very good agreement over a wide range of temperatures
as well as different FSI/TFSI ratios. The agreement at lower temperature is especially remarkable
because no direct overlap with such long trajectories of simulation and experimental results have
been reported so far  [9-11,16].  Based on this  promising agreement between simulations and
experiment (also with the data from Ref. [20]) one may explore the microscopic information of
the simulation data in order to elucidate some of the microscopic mechanisms, present in these
systems. Apart from the excellent agreement between experiment and simulation we can observe
the same trends  like Borodin et al. related to diffusive properties and life time of lithium dimers
for higher temperatures.  Therefore, we extend the trajectories at lower temperatures to achieve
good statistics for the comparison with the experiment. Here, we have studied in particular the
properties of the lithium dimers with respect to life times,  exchange rates and percentage of
involved  lithium  ions.  Due  to  the  possibility  of  performing  much  longer  simulations,
temperatures  in  the  experimentally  relevant  temperature  regime  are  reached  and  a
characterization of lithium dimers is possible. The TFSI anion plays an important role for the
lithium dimers. Adding a small amount of TFSI results in the strong increase of the number of
lithium  dimers  and  their  lifetimes.  The  dimers  are  stabilized  and  the  anion  exchange  rate
becomes much slower. However, the lithium dimers are nearly as fast as single lithium ions for
the temperature accessible in this present work, this is likely due to the roughly similar size of the
lithium dimers and Li+(TFSI)4 complexes. Similar  Li+ diffusion coefficient in the dimers and
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single  Li+ should  be  contrasted  with  quite  different  anion-Li+ exchange  rate  in  them.  This
observation suggests that anion – Li+ exchange rate does not influence Li+ transport, which is a
different conclusion from the one reached in the previous study that showed that application of
the biasing potential to significantly decrease the Li+-anion exchange slows down Li+ transport
by 30% [13]. One should note, however, that the additional biasing potential also perturbed the
IL structure, while keeping the average Li+-TFSI coordination the same.
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